Adjoint supermultiplets (1,3,0) and (8,1,0) modify the evolution of gauge couplings. If the unification of gauge couplings occurs at the string scale, their masses are fixed at around 10 13 GeV. We show how neutrino masses arise in this unified model which naturally explain the present atmospheric and solar neutrino data. The out-of-equilibrium decay of the superfield (1,3,0) at 10 13 GeV may also lead to a lepton asymmetry which then gets converted into the present observed baryon asymmetry of the Universe.
It is interesting to study the adjoint SU(2) triplet with no hypercharge T ≡ (1, 3, 0) having a mass approximately 10
13 GeV. In a supersymmetric theory, the lepton superfield 
where the extra factor of 2 comes from the fact that T 0 couples to (νh
The difference between this and the canonical seesaw mechanism is the use of an SU(2) triplet instead of a singlet. This means that whereas the latter has negligible influence on the evolution of gauge couplings, the former changes it in a significant way. It is thus possible to have gauge coupling unification at the string scale [2] with M 2 ∼ 10 13 GeV as well as a realistic theory of neutrino mass and leptogenesis consistent with present atmospheric and solar neutrino experiments [3, 4] , as shown below.
One-loop string effects could lower the tree-level value of the string scale M string = g string M P lank somewhat, and one calculates [5] that the string unification scale is modified to M string = g string × 5.27 × 10 17 GeV ≃ 5.27 × 10 17 GeV.
Furthermore, string models having a G×G structure, when broken to the diagonal subgroup, naturally contain adjoint scalars with zero hypercharge. In this paper, we minimally extend the canonical supersymmetric standard model by including the superfields T ≡ (1, 3, 0), O ≡ (8, 1, 0) and S ≡ (1, 1, 0). We will show that if the unification of gauge couplings occurs at the string scale, two-loop renormalization-group equations (RGE) will fix the masses of T 
where we have introduced a singlet S ≡ (1, 1, 0), the utility of which will be explained later. Table 1 : Representations and anomalous dimensions of superfields At the two-loop level, the evolution of the gauge couplings is governed by the following equation, where we have defined t = ln µ/2π.
The one-loop coefficients b i and the two-loop coefficients b ij can be easily derived [6] . Also the effect of the Yukawa couplings on the running of the gauge couplings is brought in by the coefficients a ij . They are given by 
and
where n f = 3 is the number of generations and n d = 1 is the number of pairs of Higgs doublets. In the matrix a ik the index k refers to
In the evolution equations we have generically used the notations Y = h 2 /4π and α = g 2 /4π.
As we know, we must also run the Yukawa couplings which are involved in the running of the gauge couplings. The RGE for a typical trilinear Yukawa term
We now apply Eq. (7) to the Yukawa couplings of interest. We thus get the evolution equations for the extra Yukawa couplings h T , h S , h λ as well as their influence on the evolution of the other relevant Yukawa couplings. Here also we put t = ln µ/2π.
To calculate the masses of (1,3,0) ≡ M 2 and (8,1,0) ≡ M 3 , we adopt the following procedure.
We assume that the unification is happening at the scale M X = 5.2 × 10 17 GeV [5] with the unified coupling of α X . We then use the two-loop RGE to evolve the couplings down to m Z .
In doing so, we must properly cross the thresholds M 2 and M 3 . Once we get the values of the couplings at m Z , we can numerically solve the set of quantities α X , M 2 , M 3 using as input
Note that the running also depends on the Yukawa couplings present in our model. We must have the top quark mass at around 174 GeV. We keep the top-quark Yukawa coupling at its To first approximation, we let T 0 couple to (ν µ + ν τ )/ √ 2 and set m ν = 0.05 eV in Eq. (1) to account for the atmospheric neutrino data. For M 2 ≃ 3.7 × 10 13 GeV, this implies that h T sin β ≃ 0.35. To account for the solar neutrino data, we need another massive neutrino.
As pointed out in Ref. we also have the bonus of CP violation in a hybrid model [8] of leptogenesis, instead of using two triplets [9] .
Let S couple to sν e + c(ν 
sν e + c(ν µ − ν τ )/ √ 2, and cν e − s(ν µ − ν τ )/ √ 2 respectively. We can write down the neutrino mass matrix as
Using the sample values m 1 = 7 × 10 −3 eV, m 2 = 5 × 10 −2 eV, and s = 0.6(c = 0.8), this implies that (∆m 2 ) atm = 2.5 × 10 −3 eV 2 , sin 2 2θ atm = 1, and (∆m 2 ) sol = 4.9 × 10 −5 eV 2 , sin 2 2θ sol = 4s 2 c 2 = 0.92, in good agreement with data [10] .
The couplings which are relevant for generating a lepton asymmetry of the Universe in this scenario are contained in Their Yukawa couplings allow the triplet and singlet superfields to decay into final states of opposite lepton number.
There are one-loop vertex diagrams interfering with the tree-level decay diagrams of T and S, which will give rise to CP violation in these decays (see Fig. 2 ). This CP asymmetry will then generate a lepton asymmetry of the Universe. Unlike other models of leptogenesis where two or more heavy particles of the same type are used, there are no self-energy diagrams contributing to the CP asymmetry in this model. Assuming M 1 >> M 2 , the lepton asymmetry is generated by the decay of the triplet superfield T . The singlet S enters in the loop diagram to give CP violation. The amount of asymmetry thus generated is given by
where the factor ζ comes from the overlap between the neutrino states which couple to T and S. In this scenario, the triplet superfield T has gauge interactions, which will bring its number density to equilibrium through the interaction T + T → W → L +L. However, the decay and the inverse decay of T will be faster, since the Yukawa coupling h T is of order unity. These interactions will bring the number density of T close to the equilibrium density. Since an asymmetry is only generated by a departure from equilibrium, these fast interactions will introduce an additional suppression factor
where H = 1.7 √ g * T 2 /M P l (with g * the number of relativistic degrees of freedom) is the Hubble expansion parameter and Γ = h 2 T M 2 /8π is the decay width of T . From our choice of numerical values for the neutrino mass matrix, we get an asymmetry
where δ is the relative phase between h S and h T . Using M 2 = 3.7 × 10 13 GeV, ζ ∼ 0.05, and δ ∼ 0.01, we then get a lepton asymmetry ǫ L ∼ 10 −10 as required. In this case, the amount of lepton asymmetry is directly related to the neutrino masses valid for atmospheric and neutrino oscillations as well as the intermediate scale required for string-scale unification.
The scale of supersymmetry breaking in the hidden sector (for a particular choice of the hidden sector fields) in this scenario may also be 10 13 GeV, hence this particular intermediate mass scale allows us to have a consistent description of string-scale unification, neutrino mass, leptogenesis, as well as supersymmetry breaking.
If M 2 >> M 1 , it will be the decay of the singlet S which generates the lepton asymmetry.
In this case the singlet does not have any gauge interactions but its Yukawa interaction will be similar to that of the triplet in the previous case. Hence the amount of lepton asymmetry is again similar, except that the roles of M 1 and M 2 are reversed. Finally, this lepton asymmetry gets converted into the present baryon asymmetry of the Universe from the action of the B + L violating electroweak sphalerons [11] , in analogy with the canonical leptogensis decay of heavy right-handed neutrinos [12] .
In summary this is a scenario where the mass of the adjoint superfields S ≡ (1, 1, 0), T ≡ This scenario has been studied in the literature in the context of string unification where it has been shown that the unification of gauge couplings occur at 5.2 × 10 17 GeV. In this paper we have shown that this scenario can lead to a neutrino mass matrix which produces (∆m 2 ) atm = 2.5 × 10 −3 eV 2 , sin 2 2θ atm = 1, and (∆m 2 ) sol = 4.9 × 10 −5 eV 2 , sin 2 2θ sol = 0.92. This is in good agreement with atmospheric and solar neutrino data. Furthermore, there are two ways that the triplet superfield T may decay to L and H 2 , and in one of which the singlet S resides in a loop. The interference of these decay amplitudes allows for the CP violation needed for leptogenesis. We have shown that after we take into account the suppression in the generated lepton asymmetry due an approximate equilibrium condition between the forward and inverse decays of T , the final lepton asymmetry emerges in the range ǫ L ∼ 10 −10 as required.
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